D
uring the past few decades, organic crop production has become increasingly widespread. From 2001 to 2011, the area devoted to organic agriculture worldwide increased from 15.8 million ha to 35.3 million ha (Paull, 2011) . For the same time period, the area under organic production in Canada increased by 515,483 ha to 703,678 ha. This global increase is attributed to many factors including increasing concerns about food safety and consumer health, environmental issues, rising input costs, and declining soil productivity and quality (Pimentel et al., 2005; Reganold and Wachter, 2016) . Studies conducted in Saskatchewan have reported that net returns were higher for organic than non-organic cropping systems (Zentner et al., 2011b) . Zentner et al. (2011a) and Entz et al. (2005) also reported that organic cropping systems were more energy efficient than non-organic systems in Saskatchewan and Manitoba, respectively.
Compared to conventional high-input management systems for annual crops, soil fertility is often considered to be lower with organic management. In a study conducted in southern Manitoba comparing an organic to a conventional cropping system, Entz et al. (2005) reported that the organic system had less available soil N and P, but higher mycorrhizal colonization, which was attributed to the lower soil P. In a survey of organically-managed fields conducted across Saskatchewan in 2002, Knight et al. (2010) also observed widespread deficiencies in available P and S, and less severe, but widespread, deficiencies in available N. In a long-term study in west-central Saskatchewan, Malhi et al. (2009) reported that soil P was lower in the upper 0-15 cm depth in the organic than in the non-organic high-and reduced-input treatments, while N was similar among all input systems to a depth of 90 cm in most of the 6 yr of their evaluation. In some years, the organic systems had higher N than the non-organic systems, which was attributed to low extractable P for optimum crop growth and to reduced nutrient uptake by the plants under organic management. Miller et al. (2008) too reported that after 4 yr of organic management in southern Montana, soil macronutrient levels were lower for the organic cropping system compared with the non-organic no-till systems
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AbstrAct
During the past few decades, organic crop production in Canada and beyond has become increasingly widespread. In the Canadian Prairies, organic agriculture has traditionally relied on summerfallow and mechanical tillage for nutrient and pest management. More recently, there has been a substantial increase in the use of legume green manure, diversified crop rotations, and reduced tillage. Our objective was to determine if organic wheat (Triticum aestivum L.) production using diversified crop rotations and reduced tillage could optimize production while minimizing its environmental impact within the Brown soil zone of Western Canada. A 6-yr (2010 to 2015) field study evaluated two tillage intensities (high and low), and two rotation sequences, simplified (wheat-green manure) and diversified (wheat-oilseed-pulse-green manure). Precipitation throughout the study period was substantially greater than the long-term mean. Spring soil NO 3 -N and P content were highest in the first years of this trial. Soil moisture and NO 3 -N content were highest in the simplified rotation under high tillage. There were few soil P differences, although levels were higher for the low than high tillage in the simplified rotation. Reduced tillage intensity tended to increase soil organic C and decreased the percentage of erodible soil particles. These soil quality changes would result in an increase in the soil's resistance to wind and water erosion, thus promoting environmental sustainability.
that received adequate fertilizer. However, potentially mineralizable N, an indicator of soil's ability to supply N, was greater for the organic system. In another US study, Pimentel et al. (2005) reported that soil N levels remained unchanged in the conventional system after 22 yr, while in the organic animal and legume systems it had increased significantly.
In regard to soil quality, Gadermaier et al. (2011) reported that organic C in the 0-10 cm soil layer in the organic plots, but not in the conventional plots, increased over the 6 yr of their study in Switzerland, which was attributed to the higher amounts of plant residues being returned to the soil. Pimentel et al. (2005) also reported that after 22 yr of their trial, soil C was significantly higher in the organic than in the conventional system. The increased C was also associated with higher soil water content in the organic systems, which helped to make these systems more drought tolerant. Further, a study in southern Manitoba, which measured wet aggregate stability to assess soil erosion potential, found that organic systems had significantly higher aggregate stability than the conventional systems, although soil C levels were lower with organic management (Entz et al., 2007) .
Overall, organic cropping systems typically produce lower grain yields than conventional systems, which is believed to be due to higher weed populations, especially perennial weeds, and/or lower soil fertility, especially available N and P. In a study in Italy, Campiglia et al. (2015) reported that weed control and N supply appeared to be the main factors hindering organic durum wheat [T. turgidum L. ssp. durum (Desf.) Husn.] yield and grain quality, especially when high rainfall and low temperatures occurred throughout the crop reproductive period. However, it still needs to be determined whether, and to what extent, yield reduction under organic conditions is due to weed competition and/or N shortages (Mäder and Berner, 2012) .
In the Canadian Prairies, organic agriculture has traditionally relied on summerfallow and mechanical tillage to provide enhanced soil moisture and nutrients, mitigate the impact of weeds, and reduce crop diseases; however, in recent years there has been a substantial increase in the use of legume green manure, diversified crop rotations, and reduced tillage management. A survey conducted in 2003 and 2004 by Nelson et al. (2010) across organic and conventional farms in Canada, found that compared to conventional farmers, organic farmers used more green manure (84 vs. 6%), more tilled summerfallow (52 vs. 6%), and used a similar percentage of reduced-tillage management but substantially less no-tillage methods (10 vs. 66%).
Conservation tillage has been shown to improve soil quality and lower the environmental impact of crop production. In a study under organic management, Krauss et al. (2010) reported that reduced tillage could help improve soil fertility, and increase water retention, grain yields, and nutrient uptake. Carr et al. (2013) also reported other benefits such as higher soil organic C and microbial biomass when the frequency of tillage was reduced in organic systems. However, in general adoption of reduced tillage by organic farmers has been slow due mostly to concerns about nutrient supply and weeds that may limit crop yields (Cooper et al., 2016; Peigné et al., 2007) .
The above concerns are compounded by the fact that organic agriculture appears to be more dependent on the specific soil and site environmental conditions than conventional systems since use of chemical inputs (i.e., inorganic fertilizers and pesticides) to correct or respond to problems are not permitted with organic management. In western Canada, most of the research on the impacts of changing management practices from conventional high-input to organic input on crop production, weeds, soil fertility and quality, crop diseases, and economic and environmental performance has been done in the Dark Brown and Black/Gray soil zones where weather and soil conditions are more favorable for crop production (Entz et al., 2001; Fernandez et al., 2011; Shirtliffe and Johnson, 2012; Zentner et al., 2011b) . Relatively little is known as to whether these results are transferable to the highly variable growing conditions of the semiarid Brown soil zone.
The objectives of this multi-year study conducted in the Brown soil zone of western Canada were to determine if diversified crop rotations and reduced tillage under organic management could keep weed populations at low levels, maintain soil fertility and quality at adequate levels, and foster healthy plants for sustainable and profitable production of annual crops. It is expected that this research will generate new knowledge about the performance of alternative organic cropping systems and tillage methods, and inform area producers about alternative wheat (Triticum aestivum L.) production system options that include pulse and oilseed crops, reduce the frequency of summerfallow while also reducing green manure frequency, and reduce tillage intensity and frequency, thereby helping to improve the overall sustainability of the region. Results from this study will also be of benefit to nonorganic producers, who are increasingly interested in reducing their reliance on non-renewable energy inputs and lowering input costs, and are concerned about the increase in herbicide-resistant weeds, or are wanting to reduce greenhouse gas emissions.
This report is focused on the soil fertility and quality observations from a 6-yr field trial, in addition to the environmental conditions during that period, while a companion paper (Fernandez et al., 2018) focuses on crop yield and quality data, weed populations, and associated observations. mAterIAls And methods site conditions and experimental design A 1.2 ha plot of land at the Research and Development Centre of at Swift Current, SK, Canada (50.3°N, 107 .7°W) was used as the test site. The soil was an Orthic Brown Chernozem with silt-loam texture (Fernandez et al., 2016) . The area had been organically managed under legume green manure (GM), with no chemical inputs, for 2 yr prior to initiation of the study in 2010.
The experiment included two crop sequences × two tillage systems. Cropping sequences were simplified rotation (SR):GM-spring wheat; and diversified rotation (DR):GMoilseed-pulse-spring wheat. The SR rotation has become a standard practice used by most organic producers in this semiarid region (Anderson, 2010) . The DR rotation was designed to maximize crop diversity. In the DR rotation, the oilseed crop alternated between flax (Linum usitatissimum L.) and mustard (Sinapis alba L.), while the pulse crop alternated between field pea (Pisum sativum L.) and lentil (Lens culinaris L.). The DR rotation started with field pea and flax in 2010. All phases of the rotations were present each year. Plots were seeded at recommended rates for organic production from mid-May to early June (Table 1) , using a commercial air drill with high disturbance knives on a 22.9-cm row spacing. The specific cultivars used are listed in Fernandez et al. (2018) . Tillage systems were high tillage (HT), based on current best practices developed during earlier studies conducted in Saskatchewan (Johnson and Holm, 2010) ; and low tillage (LT), designed to reduce tillage frequency to only as needed to prepare the seedbed or control weeds. Some tillage operations were modified over the years (Table 1 ). In the spring of all years, the HT plots were cultivated at least once with a cultivator, and/or tandem double disc, while the LT plots were either worked with a rotary hoe, a cultivator, or a rodweeder. Fall tillage was performed after harvest in 2013 and 2014. The increase in tillage in the LT, and the addition of fall tillage to all plots, was due to a persistent increase in perennial thistle populations (Fernandez et al., 2018) . In all years, at approximately 50% flowering, the forage pea was incorporated with two passes of a tandem double disk in the HT plots, and by mowing with a 3-gang mower in the LT plots.
The tillage-rotation systems were arranged in a randomized complete block design with four replicates for a total of 48 plots. Plot size was 13.7 x 10.7 m.
soil sampling and Analysis
In the spring of each year of this trial and in the spring following its termination, soil samples were collected with a hydraulic soil corer at five depths (0-15, 15-30, 30-60, 60-90, and 90-120 cm) from all plots. Two cores were taken per plot and combined by depth, subsampled for gravimetric soil water determination, and the remaining soil air-dried, ground, and analyzed for sodium bicarbonate extractable NO 3 -N, P, and K (Hamm et al., 1970) . The amount of each parameter in soil per hectare was calculated by multiplying the amount of soil in a given layer (using soil bulk density) with the concentration of each soil variable. The analytic results of N and K levels and soil moisture were aggregated over the first three depths (0-60 cm) for the statistical analysis.
Soil pH was measured with a pH meter using 20 g soil in 40 mL dilute CaCl 2 solution (i.e., 1:2 ratio of soil:0.01 M CaCl 2 solution). The results from the 0-15 cm soil depth were used for the statistical analysis.
In the spring of 2013 and 2016, soil samples were also taken to determine soil organic C. The methods used were those of . The analytic results of the upper soil layer (0-15 cm) were used in the statistical analysis.
In the fall of 2014, soil samples were collected at the 2.5 cm depth at two inter-row locations in each plot for determination of dry aggregate distribution using a rectangular trough (10 × 19 cm) with minimal soil disturbance. The soil was air dried to about 5 g water 100 g -1 soil. Aggregate size distribution was determined by dry sieving , with aggregate fractions retained on each sieve and pan expressed as a percentage of the total amount of dry soil (Fraction A, <0.42 mm; Fraction B, 0.42-0.83 mm; Fraction C, 0.83-2.0 mm; Fraction D, 2.0-6.4 mm; Fraction E, 6.4-12.7 mm; Fraction F, 12.7-38.0 mm; Fraction G, >38.0 mm). Wet soil aggregate stability was determined using the 0.83-2 mm (Fraction C) aggregates isolated by dry sieving (Zentner et al., 2001) .
weather parameters
Precipitation (mm) and air temperature (°C) were recorded daily throughout the year, and pan evaporation was recorded from May to September of each year at a meteorological station located 1 km from the test site. 
statistical Analyses
All data were statistically analyzed by using SAS, version 9.3 as described by Littell et al. (2006) . Dependent variables were soil macronutrients, soil organic C, moisture content, pH, soil aggregate distribution, and wet aggregate stability. The model included a system approach comprised of tillage, rotation, and crop. Treatment differences for all variables were analyzed within years using PROC MIXED. Data from each year were analyzed separately with system and replication treated as fixed and random effects, respectively. Combined analysis was performed using repeated measures with year as a random effect. Multiple pair-wise comparisons of least square means were evaluated within years and for combined years. Differences among treatments were tested using the Tukey HSD test. All tests were reported as significant at a P-value of 0.10.
results climatic conditions from 2009 to 2016
During the course of this 6-yr study, mean harvest-to-harvest and growing season (May, June, July [MJJ]) precipitation was substantially greater than the long-term means ( Table 2 ). The average harvest-to-harvest precipitation total for the 6-yr study period (441 mm) averaged 17% above the long-term mean (377 mm). The highest precipitation occurred during the 2009-2010 (558 mm) and 2010-2011 (528 mm) periods, whereas the lowest occurred during 2014-2015 (333 mm) and 2012-2013 (358 mm) . Precipitation totals for MJJ ranged from very wet in 2010 (170% of long-term mean) to very dry in 2015 (68% of long-term mean). In this semiarid prairie region, large variation in precipitation among years and growing seasons is typical, but it is particularly striking over this relatively short study period.
Pan evaporation, a measure of the atmospheric affinity for water, displayed similar, but opposite, patterns as for precipitation, with pan evaporation for the MJJ period being lowest Comparing within growing seasons, an early growing season drought occurred during May-June of 2015 across the entire Canadian Prairie (Table 2 ). The area surrounding Swift Current received less than 40% of normal precipitation, and was classified as an extreme drought (Agriculture and Agri-Food Canada, 2015) . However, July precipitation in that year was 150% of normal, which helped alleviate the drought severity. In contrast, the growing season precipitation distribution in 2012 was the reverse of that for 2015. In 2012, precipitation during the first half of the growing season (May−June) was 165% of normal, whereas precipitation during July was only 41%, of the longterm mean. Except for 2015, June precipitation for the years of this study was generally favorable for crop growth (greater than 140% of the long-term mean).
With regards to the average harvest-to-harvest mean temperatures, 2011-2012 and 2014-2015 were the warmest and 2014-2015 and 2010-2011 the coolest ( Table 2) . As well, the coldest winters (November-February) occurred in 2013-2014 and 2010-2011 (mean temperatures -11.6 and -10.4°C, respectively) , while the warmest winters were in 2015-2016 and 2011-2012 (mean temperatures -4.4 and -5.3°C, respectively) . From 2009 From -2010 From to 2014 From -2015 , the rankings of warmest to coldest winters and harvest-to-harvest periods were similar. Temperatures in the growing season also varied substantially from year to year, but their means for the study period were similar to the long-term means. Average temperatures for MJJ were lowest in 2010 (13.6°C) and highest in 2015 (15.5°C)-the years with the highest and lowest MJJ precipitation, and lowest and highest MJJ pan evaporation and water deficit, respectively. There was a strong trend for increasing precipitation with decreasing temperature. Overall, crop growth stress was rated as high in 2015, average in 2013 and 2014, moderate in 2012, and low in 2010 and 2011.
soil macronutrients
For the soil analysis in the spring, the NO 3 -N content for the 0-60 cm depth is presented here (Table 3) , and represents the recommended depth for soil testing. Relative results for the 0-30 cm depth (data not presented) were similar to those of the 0-60 cm depth.
Soil NO 3 -N content tended to be lowest in the last few years of the trial (Table 3) . In most years, there were significant differences in soil NO 3 -N among the tillage-rotation systems. Overall, for the springs of 2011 to 2016, soil NO 3 -N levels were highest under HT, especially in wheat plots that had been preceded by GM (SR). These levels were significantly higher than in wheat preceded by a lentil or field pea crop in the DR rotation. There were few significant differences in soil NO 3 -N levels in the forage pea plots among tillage or rotation treatments, or between tillage treatments in the plots to be seeded to an oilseed or pulse crop, but in all cases they tended to be higher under HT than LT. In the DR rotation, the oilseed plots (preceded by GM) in general had higher levels of soil NO 3 -N than in the spring of the following pulse crops, which as expected, were also similar to those in the SR plots being seeded to wheat after GM.
For all years combined, contrasts for rotation or tillage showed that soil NO 3 -N levels in the plots to be seeded to wheat were significantly higher under HT than LT for the SR only, and were significantly higher in SR than DR under HT only (Table 3) . For other crops, contrast analysis showed that whenever there was a significant difference between HT and LT, the NO 3 -N levels were higher under HT than LT. This was also the case for the plots to be seeded to forage pea. Contrasts also showed no differences between HT and LT for either of the pulse crops, which had been preceded by an oilseed.
There were few differences in soil PO 4 -P in the 0-15 cm depth among individual years. Overall, soil PO 4 -P content was Table 3 . Soil NO 3 -N in the spring before seeding the crops in an organic tillage-cropping sequence trial at Swift Current, SK, Canada. Mean (2011, 2013, 2015) Mean (2012, 2014, 2016) 2014, 2015, and 2016, respectively) of this trial. Soil PO 4 -P levels were not significantly different among the various tillage-crop rotation combinations for individual years, except for the LT-SR plots to be seeded to wheat (preceded by GM), which had higher PO 4 -P levels (39.2 kg ha -1 ) than plots to be seeded to forage pea (preceded by wheat) (33.3 kg ha -1 ). Contrasts among tillage-rotation combinations also revealed that there were significantly higher soil PO 4 -P levels in plots to be seeded to wheat in LT-SR (39.2 kg ha -1 ) than in HT-SR (preceded by a pulse crop) (35.0 kg ha -1 ). For soil K, there were no significant differences among treatments in individual or combined years (data not presented), with an overall mean value of 1276.5 kg ha -1 in the 0-60 cm depth.
Nitrogen and Phosphorus in the Soil Profile
Generally, soil NO 3 -N content in the spring was greater below than above 60 cm (Fig. 1a, b, c, d) . In all treatments, soil NO 3 -N content tended to increase with depth in 2011 , and 2013 -N content within the soil profile varied to a lesser extent in the DR than SR treatment, with particularly greater NO 3 -N content below 90 cm from 2011 to 2013 in the SR than DR. However, the influence of tillage intensity depended on the cropping sequence. Differences in soil NO 3 -N content within the soil profile and among years tended to be lower in the LT-DR compared to the other treatments, with a slightly greater Soil available PO 4 -P content within the soil profile in the spring was the reverse of that for soil NO 3 -N content, with greater levels above than below 15 cm (Fig. 2a, b, c, d ). In all treatment combinations, soil available PO 4 -P was rather uniformly distributed below 30 cm, less so for the HT-DR. Changes in PO 4 -P occurred mostly across years, and was more apparent in the 0-15 cm soil layer. Soil available PO 4 -P content at 0-15 cm was greater in the first 3 yr, particularly in 2013, than in the last 3 yr of the study. Within years, PO 4 -P decreased with depth to a greater extent under LT than HT. For the period 2011 to 2013, soil available PO 4 -P in the 0-15 cm depth in the DR treatment was slightly greater under LT than HT.
percent soil moisture
Analysis of percent soil moisture in the spring before planting of the crops is presented for the 0-60 cm depth (Table 4) , and displays similar trends as for the 0-30 cm depth (data not presented). Overall for all tillage-rotation treatments combined, percent soil moisture was higher in the first 3 yr than in the last 3 yr. In the spring before wheat was seeded, differences in soil moisture among tillage-rotation systems displayed similar patterns as soil NO 3 -N (Table 3) . For years combined, percent soil moisture was highest in the wheat plots in the HT-SR system, which accounted for the significant contrasts of HT vs. LT in the SR. No significant differences in percent soil moisture between tillage treatments were observed in the spring for the plots to be seeded to a pulse or oilseed crop, except for flax in 2014, which had higher moisture under HT than LT. In plots to be seeded to forage pea in the SR, soil moisture was also higher under HT than LT in 2015, but higher under LT than HT in 2011. For rotation treatments in all years combined, plots to be seeded to wheat under HT had higher percent moisture in the SR than the DR.
soil ph
Overall, soil pH in the 0-15 cm depth measured in spring varied among years, from 6.1 in 2011 to 6.8 in 2016. For all years combined, the pH of plots to be seeded to forage pea in the HT-SR was higher than in the LT-SR by 0.4 units (6.7 vs. 6.3, respectively). According to the contrast analysis, soil pH in the plots to be seeded to wheat in SR was higher under HT than LT by 0.2 units (6.6 vs. 6.4, respectively). The analysis also showed that for all years combined, pH in the forage pea plots under LT was lower under SR than DR by 0.2 units (6.3 vs. 6.5, respectively). There were no significant differences in soil pH of plots to be seeded to an oilseed or pulse crop.
soil organic carbon
In 2013, overall there were no significant differences in soil organic C among tillage-rotation systems in the 0-15 cm depth measured in the spring (Table 5) . However, contrast analysis showed a significant difference in organic C between HT and LT for the GM plots (preceded by wheat) in the SR, being higher under HT than LT by 21.1%, and it was also significantly higher in the GM plots under LT in the DR vs. SR by 26.7%. For the treatments combined, organic C was also significantly higher in the DR than the SR under LT by 14.7% (25.9 Mg ha -1 for SR, 29.7 Mg ha -1 for DR).
In 2016, there were also no significant differences among tillage-rotation systems (Table 5 ), while differences shown by contrast analysis were related more to tillage than to cropping sequence. Soil organic C was numerically higher under LT than HT in the SR by 11.7% (26.5 Mg ha -1 for HT, and 29.6 Mg ha -1 for LT), which could be attributed to a difference of 16.1% in the wheat plots (28.0 and 32.5 Mg ha -1 for HT and LT, respectively). Differences between HT and LT were also observed when both rotations were combined, with LT being higher by 6.2% (27.3 and 29.0 Mg ha -1 for HT and LT, respectively). However, none of these differences were significant at P ≤ 0.10 Soil organic C in the 0-15 cm depth changed between the springs of 2013 and 2016 (Table 5) . For all treatments combined, there was a 2.2% decrease under HT (27.9 to 27.3 Mg ha -1 from 2013 to 2016), mostly due to a decrease in the GM plots in the SR of 15.3%. For other differences in organic C between the 2 yr, levels under LT were always greater. Overall, for all treatments under LT there was a mean increase of 2.1% between the 2 yr (28.4 to 29.0 Mg ha -1 from 2013 to 2016). The plots that increased the most under LT were GM in the SR by 14.7%, and wheat in the SR by 14.0%, with an overall increase in all wheat plots under LT of 8.0% (28.7 to 31.0 Mg ha -1 from 2013 to 2016).
soil Aggregates
There were few significant differences in the distributions of soil aggregates among treatments, determined in the fall of 2014 (Table 6 ). Contrasts showed that there were either no significant differences among percent of aggregates in the soil fractions between the SR and DR for either HT or LT, or differences were not consistent. However, soil aggregate distribution differed for most fractions between LT and HT. The fine fractions (AB) were present at lower levels, and the large fractions (GF) at higher levels, under LT than HT in the DR (fractions AB, 37.5 vs. 33.3% for HT and LT, respectively; fractions GF, 22.6 vs. 27.1% for HT and LT, respectively).
For wet aggregate stability determined on the C fraction, there were no significant differences among treatments (data not presented). However, contrasts showed a significant difference in the DR between HT and LT (64.3 vs. 68.1% for HT and LT, respectively).
dIscussIon
The lower soil NO 3 -N levels observed in the spring in the LT vs. HT, particularly in the SR treatments, is attributed to lower decomposition rates of plant residues and loss of soil N due to less frequent tillage. Crop residue incorporation in the soil with HT likely increased microbial activity, which in turn increased residue decomposition and N mineralization. These results agree with those of Burgess et al. (2014) who reported that tillage accelerated the release of N from legume green manure near Bozeman, MT, and with Peigné et al. (2007) who reported that mineralization of soil organic matter is slowed down with conservation tillage compared to conventional tillage. A study Table 4 . Percent soil moisture before seeding of forage pea, wheat, oilseed, and pulse crops in an organic tillage-cropping sequence trial at Swift Current, SK, Canada. Mean (2011, 2013, 2015) Mean (2012, 2014, 2016) conducted at two sites in the Black soil zone of the Canadian Prairies, aimed at reducing tillage in the green manure phase of the rotation by substituting tillage with blade rolling, found that the no-till system reduced soil nitrate N levels in the fall after green manure by 56 to 88 kg ha -1 in the 0-60 cm soil depth (Vaisman et al., 2011) . They also reported that the risk of N leaching was lower in the spring after green manure termination with reduced tillage, but that ammonia losses were higher during the post-termination period in no-till compared to tilled systems, since the plant residues were left on the soil surface. Our observation that soil available PO 4 -P was in some cases higher under LT than HT agrees with Gadermaier et al. (2011)'s findings that soluble soil P was 72% higher in the 0-10 cm soil depth under reduced tillage compared with conventional tillage after 6 yr of an organic trial in Switzerland. In contrast, the lack of any differences in K levels among treatments in our study does not agree with the latter report that soluble soil K was 40% higher under reduced than conventional tillage.
Analysis of N and P levels down the soil profile showed that soil NO 3 -N content was greater below than above 60 cm, while available PO 4 -P was predominantly concentrated in the top 15 cm. This was not surprising since NO 3 -N is weakly held by soil particles, rendering it very mobile and highly susceptible to downward movement through leaching. Hence, there was possible NO 3 -N leaching down the soil profile in 2011, 2012, and 2013 , more so in the SR than DR treatment. However, in this semiarid region, NO 3 -N leaching is not usually of great concern, occurring mostly when precipitation is above normal (Campbell et al., 1994) . Changes in soil NO 3 -N over time and within the soil profile were less apparent in the DR than SR. This was likely related to the greater diversity of crops with different rooting depths in the DR treatment. The generally greater variation in NO 3 -N content among years in the SR than DR, particularly below the 90 cm depth, may indicate a depletion of soil NO 3 -N by wheat. Unlike NO 3 -N, P is not very mobile since it is mostly associated with soil particles. The greater soil available PO 4 -P content in the top layer in all treatments was in agreement with other studies (Cade-Menun et al., 2010; Messiga et al., 2012) . The stratification of available PO 4 -P observed in all treatment combinations is also consistent with observations in notillage systems (Cade-Menun et al., 2010; Lupwayi et al., 2006; Messiga et al., 2012) . This was clearly evident under LT where we observed a slightly greater decrease in PO 4 -P with depth than for HT. Nevertheless, the differences in soil PO 4 -P at the surface layer and level of stratification observed between conventional and no-tillage systems under non-organic management were not observed in this organic study. This is likely related to the fact that there were tillage operations in the LT treatment in this organic trial, especially in the last few years. Soil available PO 4 -P depletion over time was apparent in the top 15 cm, but not below 30 cm. This may not adversely affect crop growth and productivity since plant roots are mostly confined below 15 cm.
In contrast to expectations that soil moisture would be greater with reduced tillage compared to more intensive tillage management (Krauss et al., 2010) , we found higher spring soil moisture in the spring under HT than LT. This might be attributed to easier infiltration during snow melting in late winterearly spring in the tilled soil (Blanco-Canqui et al., 2017) , which may have also contributed to increased N mineralization at that time and possible N leaching.
The lower soil pH values in LT vs. HT, especially in the SR plots being planted to wheat and forage pea, agree with findings from Switzerland by Berner et al. (2008) who reported that pH decreased by 0.1 units in reduced compared to conventional tillage treatments. The higher pH observed in the forage pea plots in the DR than SR under LT could be attributed to the greater amounts and diversity of root exudates and aboveground crop residues in the DR sequence. However, Malhi et al. (2009) reported that under organic management in northwest Saskatchewan, there was no consistent effect of crop diversity on soil pH at a depth of 0-7.5 cm. ‡ Values in a column followed by the same letter are not significantly different according to the Tukey-Kramer mean separation (P ≤ 0.10).
The analysis of organic C indicated that it tended to be higher in the DR than the SR sequence, and under LT than HT, increasing in the LT over time. This was expected since conservation tillage enhances C sequestration by reducing the rate of soil organic matter decomposition. In addition, there was a greater diversity of crop residues and root exudates in the DR than in the SR treatment, thus resulting in greater C inputs (McDaniel et al., 2014) . In contrast to our findings, in the study in west-central Saskatchewan Malhi et al. (2009) reported no significant difference (P > 0.05) in organic C between the organic and non-organic treatments under reduced-or highinput management, and no difference in total organic C among crop diversity treatments.
Our findings partly agree with those of Berner et al. (2008) who reported that organic C in the 1-10 cm soil layer increased by 7.4% over 4 yr under reduced tillage but remained unchanged under conventional tillage, reflecting the lower rate of residue decomposition with reduced tillage. During 5 yr of a study of various tillage systems in Germany, soil organic C increased by about 0.1-0.2% in the less intensive tillage systems (Emmerling, 2007) .
The observation that the fine fractions of dry soil aggregates were highest under HT agrees with those of Malhi et al. (2009) , indicating a somewhat higher potential for soil erosion under more intensive tillage management. We found no significant difference in the fine fractions between rotation treatments. Malhi et al. (2009) also did not find significant differences in most aggregate fractions among the three cropping diversity treatments under organic management. In our study, the lack of significant differences in soil aggregate distributions between LT and HT in the SR is attributed to fewer tillage operations in the latter than in the DR treatment.
Wet soil aggregate stability analysis on Fraction C showed that aggregate stability was greater under LT than HT, particularly in DR. Our results agree with observations by Peigné et al. (2007) and Emmerling (2007) that conservation tillage , Fraction F, .0 mm; Fraction G, >38.0 mm). ‡ High, high tillage; Low, low tillage. Crop sequences, simplified: forage pea green manure (GM)-wheat; diversified: GM-oilseed (flax or mustard)-pulse (field pea or lentil)-wheat, with all phases of the rotation present each year. § Values in a column followed by the same letter are not significantly different according to the Tukey-Kramer mean separation (P ≤ 0.10).
provides greater wet soil aggregate stability in the surface layer than conventional tillage. We conclude that for this organic field trial, although intensive tillage (HT) and a 2-yr rotation of wheat with GM (SR) promoted higher N availability resulting in greater grain yields (Fernandez et al., 2018) , a depletion of N over time was apparent. However, the lower tillage intensity (LT) treatments appeared to promote enhanced soil organic C, while LT also increased the percentage of large soil aggregate fractions and wet aggregate stability, thus increasing the soil's resistance to wind and water erosion and contributing to the environmental sustainability of organic crop production under reduced tillage.
